Studies utilizing various MRI techniques have shown that a water/protein concentration gradient exists in the ocular lens. Because this concentration is higher in the core relative to the lens periphery, a gradient in refractive index is established in the lens. To investigate how the water/protein concentration profile is maintained, bovine lenses were incubated in different solutions and changes in water/protein concentration ratio monitored using proton density weighted (PD-weighted) imaging in the absence and presence of heavy water (D 2 O). 
INTRODUCTION
Our vision is critically dependent on our ability to focus light onto the retina. This refractive power is the combined result of the optical properties of the cornea and lens. While the cornea contributes most of the eye's refractive power, its focus is fixed (24) . Young lenses, however, can adjust their focal power through the process of accommodation to elongate or shorten the focal length. As an optical element the cornea normally contributes a positive spherical aberration to the light path, which is later corrected by the inherent negative spherical aberration of the ocular lens (2, 34) . This negative spherical aberration is the result of a gradient in refractive index (21) that is produced by changes in the water/protein concentration ratio of the lens, such that water content is highest in the outside of the lens and lowest in the core (4) . While this water/protein concentration ratio is known to create a smooth refractive index gradient that corrects for spherical aberration (26) , how this gradient is maintained is unknown.
The existence of a gradient in water content would be expected to generate a flow of water into the core of the lens that at steady state would tend to eliminate the gradient in refractive index. Hence it is reasonable to hypothesize that in order to maintain its optical properties the lens needs actively remove water from the core to establish its refractive index gradient.
Furthermore, to prevent dissipation of the gradient the lens needs to counteract the natural tendency of water to re-enter the lens by passive diffusion down its concentration gradient (8) . It is well known that active transport of water is inherently linked to the transport of solutes (16, 17, 20) . In the lens fluid flows have been hypothesized to be driven by a circulating flux of ions that preferentially enters the lens at the poles by an extracellular route and utilizes an intracellular pathway mediated by gap junctions to exit the lens at the equator.
While evidence in favor of the existence of such a circulating flux of ions in the lens has been accumulating (5, 19, 33) , less is known about the fluid fluxes believed to be generated by these circulating currents. To investigate the existence of circulating fluid fluxes a noninvasive modality that allows fluid dynamics to be visualized in different regions of the lens is required.
Different magnetic resonance imaging (MRI) techniques have been used to non-invasively study water concentration gradients and the directionality of water fluxes in the ocular lens.
Measurement of water/protein concentration ratios throughout the lens by T2-weighted imaging has shown that a concentration gradient for water exists in the lens with high water content in the outer cortex relative to the lens core (6) . In cataractic lenses this water concentration gradient appears to be dissipated by elevation of water content in the core (30, 31) . A second MRI technique, diffusion tensor imaging, has shown that the directionality of water movement in the outer cortex and core are different. While the outer cortex has high water content, the movement of water within this region is highly anisotropic. In contrast, the lens core exhibits lower water content, but the movement of water within this region is isotropic in nature (23, 35) . Both of these MRI techniques monitored the intrinsic properties of lens at steady state. The rate of water movement into the human lens has also been studied using heavy water (D 2 O) as a contrast agent (22) . It was shown that the rate of movement of D 2 O into the core of the human lens decreased with age. Thus it appears that a range of MRI techniques can be used to non-invasively monitor the maintenance of steady state water content and to dynamically visualize water movement into the lens.
In this paper we have optimized PD-weighted imaging in the presence and absence of D 2 O, in organ cultured lenses to investigate whether the fluid dynamics of the lens are actively maintained. Using manipulations designed to disrupt ionic homeostasis in the lens we show that the steady state water gradient of the lens is dissipated. Furthermore, using high temporal resolution of D 2 O movement in to the lens, we found that water entry into the outer cortex is highly anisotropic and this directionality was abolished by perturbations to ionic homeostasis.
Taken together our results indicate that water content and movement are actively and dynamically maintained in the lens.
METHODS

Preparation of lenses:
All animals used in this study were treated in accordance with institutional guidelines and the ARVO Resolution on the Use of Animals in Research. Bovine eyes were obtained fresh from a local meat works (Auckland Meat Processing) and were immediately placed into phosphate buffered saline (PBS -4.3mM NaH 2 PO 4 ; 137mM NaCl; 2.7mM KCl; 1.4mM KH 2 PO 4 ) before being transferred to the laboratory on ice. Lens were then dissected from the eyeballs and placed in Artificial Aqueous Humor (AAH -NaCl 130mM; KC1 5mM; MgCl 2 0.5mM; CaCl 2 1mM; NaHCO 3 10mM; glucose 5mM; buffered with 10mM HEPES to pH 7.1). A custom-designed sample holder made from poly-acrylic was used in these experiments so that two lenses, one incubated in the standard AAH control solution and the other incubated in a test solution, could be imaged simultaneously to The temperature of the sample holder was monitored and controlled by a MR compatible temperature control unit (SAII, Stony Brook, NY, USA). Normally the chamber temperature was maintained at 35°C throughout the experiments, but to investigate the effects of low temperatures on water content and fluxes the sample chamber was maintained below 10ºC.
All experimental protocols were repeated on five pairs of test and control lenses. 
RESULTS
Steady state water gradients in the bovine lens: MR imaging of the lens has previously been performed by a number of groups (28, 29, 31) and essentially similar results were obtained in the present study ( Figure 1 ). The PD-weighted signal is proportional to the water/protein concentration ratio in the lens. Since the protein concentration is relatively fixed within a cell, the PD-weighted signal actually represents the "free" water content in the lens, which is higher in the cortex than the core. This water gradient is evident in the PDweighted signals obtained in the bovine lenses in the present study ( Figure 1 ).
The existence of such a water gradient in the lens raises questions about how it is established and maintained. To investigate whether it is actively maintained, we performed PD-weighted MR imaging in the presence of two interventions designed to disrupt ionic and metabolic homeostasis in the lens. To disrupt ionic homeostasis lenses were incubated in a high potassium solution (KCl-AAH) that has been shown to depolarize the lens potential and to cause the inhibition and reversal of the current densities that are directed into and out of the lens at the poles and equator, respectively (27, 33) . These surface currents have in turn been hypothesized by Mathias et al to generate a circulating flux of ions that drives water flows within the lens (17) . These circulating currents have been shown to be driven by active transport processes located at the lens surface (1) and various studies have shown that active transport in the lens is diminished at low temperatures (3, 10, 11). Hence we also investigated the effect on the water gradient of performing PD-weighted imaging on lenses in which the temperature of the sample chamber was held below 10ºC. Furthermore, the extent and directionality of D 2 O movement into the lens were also disrupted by high extracellular K + and low temperature, suggesting that water influx is a not purely passive or isotropic process, but is a directed process that is intrinsically linked to the maintenance of lens ionic homeostasis.
Like previous MRI studies (28, 29, 31) , our PD-weighted images of unperturbed bovine lenses reveal a smooth water/protein concentration gradient (Figure 1 ) that indicates the amount of free water is highest in the lens outer cortex, but gradually declines towards the core. However, PD-weighted images collected in this study from lenses incubated under conditions designed to disrupt ionic homeostasis reveal a discontinuity in the water/protein ratio between the outer cortex and core regions of the lens ( Figure 5) ; that tends to suggest that forces driving fluid movement are different in these two areas. This notion is also supported by results obtained in our laboratory (35) and other laboratories (23, 36) using a different MR imaging technique, diffusion tensor imaging (DTI). DTI produces bidirectional vector maps that display the magnitude and preferred direction of water diffusion in a tissue.
In the lens, DTI has shown that the magnitude of water diffusivity is higher in the outer cortex relative to the core, and also that the directionality of water movement in the outer cortex is more anisotropic than that seen in the core. Furthermore, by overlaying eigenvector maps on lens structure, subtle differences in directionality of water movement in the outer cortex of bovine, rabbit and human lenses were revealed (23, 35, 36) . In the regions between the poles and the equator the extracted eigenvectors indicated that the preferred direction of water diffusion was circumferential in the outer cortex, a result consistent with the pole to pole orientation of fiber cells in this area. However, the eigenvectors perpendicular to the lens surface (and thus fiber cell orientation) were found to be maximal at both the poles and equator of all species of the lens examined to date. These perpendicular eigenvectors tend to indicate that water movement into and out of the lens occurs preferentially at the poles and equator.
Although DTI creates 3D vector maps of preferred axes of water diffusion in a tissue, it does not however, provide information on whether water is entering or leaving the lens at either the equator or the poles. In the current study we addressed this issue by using D 2 O as a tracer of water movement into the lens. Our experiments showed that water preferentially enters the lens at both poles, consistent with the larger perpendicular to the surface eigenvectors found in these regions by DTI studies. This preferential influx of water is shown in Figure 8 The polar location of the water influx suggests that in the outer cortex water first enters the lens via sutures before being directed in a circumferential direction towards the equator (Figure 8, solid red lines) . The sutures form an extracellular pathway that can be tracked from the periphery to the core of the lens (13, 14) , raising the possibility that they are also the preferential route for water entry into the core of the lens (Figure 8, dashed red lines) .
Unfortunately, due to the low initial PD-weighted signal intensity in this region, we are unable to dynamically visualize D 2 O penetration in the core of the lens. However, it was apparent from the analysis of steady state images that D 2 O penetration into the core is dramatically slowed by inhibition of ionic homeostasis ( Figure 4 and Figure 5 ) and reveals a slower background fluid flow into the core, which can be accounted for by passive diffusion.
These regional differences in D 2 O penetration observed in young bovine lenses are similar to those seen in human lenses of increasing age (22) . Moffat et al., (20) showed that while D 2 O penetration into the outer cortex of human lenses was unaffected by age, the rate of D 2 O movement into the core decreased with increasing age. They concluded that with increasing age a physical barrier formed that restricted the rate of water and solute penetration into the inner lens. In our study, we were able to mimic the age dependent slowing of D 2 O penetration observed in human lenses by inhibiting the ionic homeostasis in young bovine lenses. Since the aging of human lenses has been shown to be associated with an increase in intracellular Na + content and depolarization of the lens potential (9), resulting in age dependent loss of ionic homeostasis, it is plausible that the decrease in D 2 O penetration observed by Moffat et al (22) could also be linked to the regional differences in the balance between active and passive water fluxes (7). Hence, while active and passive fluxes can be equally effective in delivering D 2 O to the outer cortex, only the active component, that is dependent on the maintenance of ionic homeostasis, will be able to rapidly deliver D 2 O over the larger distances needed to reach the core of bovine and human lenses.
In the lens, it has been proposed that water fluxes are driven by an internal microcirculation system that maintains ionic homeostasis (17, 18) 
Perspectives and Significance
The ocular lens is a sophisticated living optical element, which has to survive and maintain its optical properties and functionality for a lifetime without vascular support. To achieve it is proposed that the lens utilizes an internal system of water circulation which delivers nutrients and removes metabolic waste products from the internalized fiber cells. In this article, using a 
